Lack of oxygen is a frequent human affliction. Chronic hypoxia is common at sea level in patients with long-standing pulmonary insufficiency where its impact cannot be separated from that of the underlying disease. Residents of mountainous terrain and mountaineers on the highest peaks are also hypoxic under conditions where other stresses are operative. Detailed well controlled, sophisticated studies are difficult in the harsh mountain environment. In 1985 Operation Everest II (a repeat of a smaller, similar study done in 1946) was designed to examine the effects of hypobaric hypoxia under the controlled conditions of a decompression chamber in which eight healthy, dedicated young men live for 40 days while the pressure within the chamber was gradually reduced, simulating an ascent ofMt Everest (8848 m) where the oxygen partial pressure in ambient air is 43 torr.
After Operation Everest I, techniques such as multiple inert gas inhalation and right heart catheterization made it possible to study pulmonary gas exchange and circulatory dynamics directly. These and other new techniques were used during Operation Everest II. Skeletal muscle biopsy and peripheral nerve conduction enabled analysis of muscle microstructure, biochemistry, and function. Echocardiograms and Doppler ultrasound displayed cardiac and circulatory dynamics. Other methods were used to study the immune system response to hypoxia, brain and respiratory function during sleep, and the control of breathing. A team of 28 scientists from 10 institutions, supported by 70 technicians carried out these studies in an environment where temperature, humidity, food and fluid intake and output could be controlled and recorded. The study, supported by the Army Research and Development command and the Arctic Institute successfully completed its objective and now that some two dozen papers have been published (selected references are listed below) it is appropriate to summarize the most important findings.
The hypoxaemia experienced in the subjects was severe and interfered with sleep to the extent that during the last 10 days subjects were 'taken down' to 7000-7300 m each night, returning to 7100-7400 m during the day, following the mountaineering practice of 'climbing high but sleeping low'. Each day one or two of the subjects were taken to 'the summit' (8848 m) for several hours of testing, including exercise with Swan-Ganz catheter in place. For the six men in whom summit measurements were made, arterial oxygen pressure averaged 30 torr at rest and 27 torr during maximal exercise at an oxygen uptake of 1.18 l/min, These low oxygen tensions, barely compatible with life and work, were achieved by marked hyperventilation (the principal force in acclimatization) which lowered resting arterial carbon dioxide to a mean of 11 torr at 'the summit', compared to the sea level mean of 34 torr. Thus, alveolar oxygen tension was 20 to 30 torr higher than it would have been without such a high volume of hyperventilation. Indeed lacking adequate ventilatory acclimatization, one of the investigators whose oxygen supply was accidentally interrupted at 240 torr immediately collapsed, unaware of his condition, and his oxygen was restored by the acclimatized subjects!
The observations made during Operation Everest IT and the importance of hyperventilation were in agreement with predictions from actual mountain expeditions except for the arterial pH of 7.56 units. This was considerably less alkaline than had been predicted previously, suggesting that renal compensation for the respiratory alkalosis was more effective than had been predicted.
Although sustained hyperventilation indicated unabating neurohumoral control of breathing, gas exchange within the lung was impaired as measured by the multiple inert gas technique which showed substantial mismatch between ventilation and perfusion. The pulmonary vascular bed was hypertensive especially during exercise (Ppa rising to 48 mmHg), and was poorly reactive which may have contributed to the ventilation/perfusion mismatch. Peripheral vascular resistance, however, was not impaired. A reduction in vital capacity after exercise and the occasional presence of a few rales suggested that some fluid accumulated in the lung parenchyma. Whatever the reason, the abnormal VIQ relationships further depressed arterial 1'0 2 , placing an additional hypoxic stress on the body.
During the maximal exercise at altitude mixed venous oxygen fell well below the lowest value reached at sea level (13 compared to 23 torr) suggesting that tissue extraction was more complete when skeletal muscles were fully stressed. Results of biopsies ofthe vastus lateralis muscle were surprising: the level of ATP, phosphocreatin and glycogen were remarkably well maintained even at extreme altitude both at rest and following brief maximal exercise. Values during exercise decreased less from resting values at altitude than at sea level. These observations suggested that muscle energy stores during brief maximal exercise were well maintained at extreme altitude. Though this mayor may not be true during endurance work, it does suggest that factors other than depletion of energy supplies in muscle cells might limit exercise.
Two subjects failed to reach the 'summit' because brief episodes consistent with acute cerebral hypoxia necessitated their premature removal. Retinal photographs showed haemorrhages and retinal oedema in all subjects -findings which have been associated with acute and chronic hypoxia. Cerebral malfunction was manifest to the well oxygenated observers and was demonstrated by psychomotor tests requiring rapid fine motor control, mental calculations and judgement. The poor quality of sleep at high altitude may have compounded the effect of hypoxia on cerebral function. However, peripheral nerve conductions time and neuromuscular junction conductivity remained normal throughout. Effective control of breathing and of systemic arterial pressure indicated that these centres in the brain stem function adequately. These observations confirmed the long held conviction that the higher centre of the brain shows the early and principal effects of hypoxia.
Exercise at sea level is limited primarily by the inability of the circulation to transport enough oxygen fast enough to maintain muscle function. Operation Everest II suggests that this may not be the limiting factor at extreme altitude, for, since neither heart nor skeletal muscle were taxed to their utmost, then other organ systems must have been limiting. Possibly, as suggested by Bigland-Ritchie, respiratory discomfort due to extreme hyperventilation may reflexly inhibit cortical function.
However, whether or not cerebral hypoxia is the final limiting factor, the brain appears to be the weakest part of the human machinery at extreme altitude, perhaps not surprising from an evolutionary standpoint. Judging from the Operation Everest II data, and other work at lower elevations, the lung is the next most susceptible organ. Heart and skeletal muscle and peripheral nerves seem to function quite well, and acid-base control may be more effective and less impaired than previously supposed.
The combined studies from Operation Everest II and from certain high mountain expeditions emphasize that all organs are not equal in their resistance to severe prolonged hypoxia. The findings should direct future studies of chronic, low altitude hypoxia toward the brain and lung. Hopefully the high altitude work will help clinicians to appreciate the graduated susceptibility of tissues in various diseases causing hypoxia at sea level.
J T Reeves C S Houston J R Sutton
University of Colorado and Vermont, USA McMaster University, Ontario, Canada The gap between research and policy in mental health care
In past centuries scurvy was a scourge of the sea decimating those on long voyages. Suspicions of a connection between scurvy and a lack of fresh vegetables spurred the Dutch East Indies Company in 1652 to found a settlement at the Cape of Good Hope half-way on the route to the East Indies, one aim being to provide fresh vegetables for its fleet. A century later the Scottish naval surgeon James Lind showed that scurvy could be cured and prevented by orange and lemon juice. Yet over 50 years more were Environ Med 1987; 58:679-82 Meehan RT. Immune suppression at high altitude. Ann Med 1987; 16:974-9 Meehan R, Duncan U, Neale L, et al. Operation Everest II: alterations in the immunesystemat high altitude. J Clin
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